Abstract-We describe a new measurement of the proton gyromagnetic ratio in H2 0, 4,, now in progress at NBS, including the construction of a single layer precision solenoid, the measurement of its dinensions by an inductive technique, and our latest dimensional measurement results. We also discuss other improvements made since our last y4 determination.
I. INTRODUCTION T HE measurement of the proton gyromagnetic ratio in
H20 by the weak field method involves measuring two quantities. First, one measures the dimensions of a precision solenoid and calculates the magnetic field produced when a known current is passed through the solenoid windings. Second, one measures the precession frequency of protons in a sample of H20 placed in this calculable field using standard nuclear magnetic resonance (NMR) techniques. The ratio of the NMR angular frequency to the calculated flux density is ',(low). The dimensional measurements have always been the more difficult part of the determination.
In this paper we describe our present experiment which employs a newly constructed precision solenoid. We also discuss the major changes we have made in our previous experiment [1] and why we expect these changes to improve our accuracy from 0.2 ppm to better than 0.05 ppm.
The major motivation for a new 'y(low) experiment is to help test basic physical theories via the fundamental constants. In particular, the fine structure constant, a, can be obtained from the Josephson effect measurement of 2 e/h and y,(low) This cylinder was then mounted in the large lathe, and a helix of 24 threads/inch was ground 0.3-mm deep. It was then returned to the lapping lathe where a special lap was used to smooth the helical thread. To make this lap we machined an inside thread into a 1-cm thick brass ring such that this ring could, in principle, be threaded onto the 0.3-m diam helix ground in the cylinder. The brass ring, which was 10-cm long, was then cut along the axial direction into short pieces 3-cm wide. A total of 46 of the 3 cm X 10 cm lap segments was spaced along four generators of the cylinder. Two generators were located at ±600 from the vertical, and two were at ±300. The segments were then epoxied to a lap form made of fused silica, while the lap segments were held with their threads seated securely in the grooves of the cylinder while spaced along the four generators.
The final lapping then proceeded as grit was applied to the rotating cylinder, and this 46 segment lap was driven back and forth along the top of the cylinder by the helical groove. The lapping process, of course, averages out the variation in the pitch of the helical groove. However, the diameter must be measured repeatedly and the lapping time adjusted at various positions along the cylinder to keep the diameter constant. A short lap made of 14 segments was used for correcting small variations in the diameter. The final helical groove took on a 'Mention of a manufacturer does not signify an endorsement by the U.S. National Bureau of Standards, nor does it imply that the item is the only or best item for any purpose.
smooth, nearly sinusoidal shape, and the lapping was stopped when a 0.8-mm wire would fit tightly in this sinusoidal groove.
We then wound the solenoid by drawing wire through dies directly onto the cylindrical form. We started with 1-mm diam oxygen-free pure copper that was plated with 1 In order to insure the valid measurement of the axial and radial variations, we use 10 other coils on the probe to measure the motion of the probe in the other degrees of freedom. Fig. 2 is a cross section of Another source of systematic error is very important and its elimination of interest. If the injected current is a sinewave, then an "end effect" error is introduced. Because this current induces a voltage in the other windings of the solenoid and because there is some capacitance between turns, some current flows in these windings, thereby producing an error signal in the pick-up coils [5] . This effect varies inversely with the square of the frequency and increases as the injection position approaches the end of the solenoid. We eliminate it by employing the special waveform for the injected current shown in the upper trace of Fig. 3 . (This waveform is now generated by a digital waveform generator.) The output of the detector coil is just the derivative of the injected current. The second trace of Fig. 3 The entire system is automated with a PDP-1 I computer and CAMAC interface. The laserinterferometeris a two-frequency, Zeeman-split laser system manufactured by Hewlett-Packard, and its frequency is measured against an iodine stabilized laser [6] . The entire interferometer is in a vacuum, so there is no correction due to the index of refraction of air. The laser and probe displacement are aligned by using split photo diodes. With these diodes we can keep the alignment error to less than 0.01 ppm. Fig. 4 shows measurements of the new solenoid in the critical central region (±600 mm). We are now concentrating on this region because the uncertainty in the calculated field due to the measurement uncertainty of the outer windings is significantly less. Current is injected into 10 turns at a time, so that the data plotted is the average position of the ten turns.
The axial variations are a measure of turn position after a uniform pitch of 1.058588936 mm/turn has been subtracted from the laser readings of that position. The radial variations are a plot of the difference in radius of the ten turns at the indicated axial position relative to the center ten turns. These measurements show that the current in the solenoid flows within a few micrometers of where current in a perfect solenoid would flow.
IV. THE DIAMETER PROBLEM
With the high accuracy of the radius variation and pitch measurements, the diameter measurement should be the limiting factor in the experiment. The basic problem in determining the diameter is that even if one makes a perfect measurement of the position of the surface of the copper wire, it is still difficult to know where the current flows in the wire. The technique developed to eliminate the need for a diameter measurement is to find a coil geometry which produces a magnetic field that is nearly independent of the average diameter. With a long solenoid we are able to find a suitable configuration in which extra current can be added to selected turns near the end of the solenoid. If done properly, this, in effect, gives us the same properties of an infinitely long solenoid; namely, that the magnetic field is independent of diameter and is uniform at the center. With the aid of a computer, we found a configuration where the sum of the radius-variation weighting factor for each turn approaches zero, and the second-, fourth-, and sixth-order gradients are compensated. The result (see Fig. 5 ) is that our solenoid can produce a field that has the same diameter dependence as a 1-km long solenoid (i.e., the uncertainty due to the diameter measurement is essentially . Compensation scheme for obtaining an "infinite" solenoid for NMR measurements. By using five current sources connected as indicated, a magnetic field is produced that is both uniform to 2 parts in 108 over a 6-cm sphere and essentially independent of the average diameter of the solenoid. Leakage between the five current sources must be kept very low.
eliminated) and a field that is uniform to 2 parts in 108 over a 6-cm diam spherical volume at the center of the solenoid. (The water sample for the NMR measurements need only be 4 cm in diameter.)
V. OTHER IMPROVEMENTS There is a remote chance that leakage between two adjacent turns will cause an error in the calculated field. For our single helix solenoid a resistance of 30 k2 across the most critical wires will result in a 0.01 ppm error. The problem is that the low resistance of the winding makes such leakage difficult to detect. The technique we have developed to avoid this problem is very simple: We inject a dc current (5 A) into each turn, one turn at a time. If there is leakage to an adjacent turn, a leakage current will flow in it. However, the finite resistance of that turn produces a small voltage drop that can be detected with a pair of potential leads connected to the neighboring wire. A leakage of 30 kQ. gives a voltage of 3 X 10-8 V; and using a sensitive null detector and an automated system, we can test every wire.
The other major problem that we plan to solve is the correction for the magnetic susceptibility of the fused silica cylinderWe have taken three core samples and from their measured small susceptibilities have calculated that the correction to the magnetic field is very small (<0.01 ppm), but this assumes that the form is homogeneous. To [2] , sometimes in combination with electromagnetic indicator systems [3] , and from the results of those measurements the flux density at the center of the field coil has been evaluated. Whatever procedure is used, in order to determine the diameter of these coils a comparison with an end gauge must be performed, and this may be an important source of error. Added to this, even if the positions of the layer are well known, there is another source of error due to the current distribution in the wire, which is influenced by the wire's history and chiefly by the winding procedure.
For this reason a novel method based on measuring the effect of current flowing in multilayer coils has been developed in order to find the coil constant of a system of coils, i.e., as it is understood here, the value of flux density at the center of the system as a function of the current through the coils.
II. DETERMINATION OF THE COIL CONSTANT
The principle of this method can be made clear by a simple example. Assuming a single circular turn with radius 'r' as shown in Fig. 1 
